The purpose of this study was to examine the occurrence of exercise-induced hypoxaemia (EIH) during maximal exercise in highly trained athletes. Eleven trained cyclists (mean(s.d.) ape 23(3.5) it has been reported that the incidence of oxygenhaemoglobin desaturation (%HbO2 s< 91%) during maximal exercise occurs in approximately 50% of the highly trained athletes examined7. It is interesting to note, however, that there has been no scientific study which has examined the occurrence of EIH in highly trained athletes when saturation is determined using invasive procedures (arterial blood) rather than non-invasive ear oximetry analysis. Therefore, it was the purpose of this study to examine the occurrence of arterial oxygen-haemoglobin desaturation during maximal exercise in highly trained athletes.
surements of arterial oxygen-haemoglobin saturation (%HbO2) were obtained simultaneously at rest, every 2min during exercise, and at maximum exercise capacity from arterial blood sampling (%SaO2) and ear oximetry (%SpO2). Exercise induced hypoxaemia (%HbO2 <91%) was present in 64% of the athletes examined when EIH was determined using pulse oximetry, whereas none of the subjects exhibited EIH when %HbO2 was determined using arterial blood. At it has been reported that the incidence of oxygenhaemoglobin desaturation (%HbO2 s< 91%) during maximal exercise occurs in approximately 50% of the highly trained athletes examined7. It is interesting to note, however, that there has been no scientific study which has examined the occurrence of EIH in highly trained athletes when saturation is determined using invasive procedures (arterial blood) rather than non-invasive ear oximetry analysis. Therefore, it was the purpose of this study to examine the occurrence of arterial oxygen-haemoglobin desaturation during maximal exercise in highly trained athletes.
Materials and methods
Eleven healthy, trained cyclists of mean(s.d.) age 23.0(3.5) years served as subjects after signing an institutionally approved informed consent. Each subject had a minimum of one year's experience as a licensed (United States Cycling Federation) competitive cyclist. Each subject reported to the laboratory 12 h after eating for data collection. Baseline ventilatory and metabolic measurements were collected following 20 min of supine rest. Subsequently, an arterial catheter (Arrow 1.25 inch, 20 Fr) was placed into either the right or left radial artery using the procedure described by Wasserman et al. 1 . The ear probe for the Biox Ila oximeter (Ohmeda, Boulder, Colorado, USA) and interface cables were secured to the subject so as to minimize movement artefact as determined by laboratory experience with the instrumentation. Resting arterial blood samples and ear oximetry readings were obtained simultaneously 15 min after the catheterization procedures.
Experimental session Each subject performed a multistage cycle ergometer aerobic capacity (Vo2max) test at an initial work rate of 135 W with a 45 W increase every minute until exhaustion. A 'true' test of Vo2 max was considered to be achieved if each subject met two of the following four criteria: a plateau in Vo2 with increased exercise workload; a heart rate of 10% more or less than the 
Statistics
Analysis of variance for a repeated measures design was used to test for statistical differences, followed by post-hoc analysis (APP-STAT; Statsoft, 1986, Tulsa, Oklahoma, USA). Statistical significance was accepted at a probability of less than 0.05.
Results
When using ear oximetry, it has been reported that the incidence of oxyhaemoglobin desaturation (as defined by: %HbO2 < 91%) in highly trained athletes during maximal exercise occurs in approximately 50% of those examined7. Applying that criterion to the results of the present study, seven of 11 subjects (64%) would be classified as having arterial oxyhaemoglobin desaturation when desaturation is determined through non-invasive ear oximetry. In contrast, none of the subjects would have been classified as having arterial oxyhaemoglobin desaturation when %HbO2 was determined using arterial blood sampling. Figure 1 ), with these differences becoming prevalent at an exercise intensity of greater than 73% VO2max.
Discussion
Although previous research using pulse oximetry
indicates that approximately 50% of endurance trained athletes develop EIH (%HbO2 < 91%), the findings of the present study using arterial blood %SaO2 failed to find EIH in any of the endurance trained athletes examined. However, when using pulse ear oximetry, 64% of the atheletes examined showed the incidence of desaturation to be approximately 50% of the subjects examined8. The reason for the significant differences in oxyhaemoglobin saturation determinations between ear oximetry and arterial blood at the higher exercise intensities is not known, however, there are a number of possible explanations for the observed differences. It has been speculated that a reduction in ear perfusion during exercise may be a factor in the difference23. Although the Biox IIa is equipped with a low perfusion indicator there were no indications from the oximeter that a reduction in perfusion occurred during exercise in any of the subjects in the present study. However, the sensitivity of the low perfusion indicator to respond to perfusion limitations during exercise in highly trained subjects is unknown. Dempsey et al.3 showed that in highly trained runners during maximal exercise there is a substantial decrease in mean erythrocyte capillary transit time by comparison with 'average' individuals. The coupled effects of exercise perfusion alterations and an increased rate of blood flow in highly trained subjects during maximal exercise may result in an inability of the oximeter to measure oxygen-haemoglobin saturation of these subjects accurately at high power outputs. Research has indicated that the improper attachment of the oximeter ear probe contributes to the inaccuracy of estimating arterial oxygen-haemoglobin saturation18. The extent to which movement artefact contributed to the significantly reduced estimates of %HbO2 in the ear oximeter is unknown. Even though precautions to prevent extraneous movements of the ear probe were taken as directed by the manufacturer, the exercise requirements may have interacted with the ear oximeter thereby contributing to the resulting difference.
The presence of elevated levels of carboxyhaemoglobin (HbCO) have been shown to alter the ability of oximeters to estimate the oxyhaemoglobin saturation5'20. Likewise, calculated oxyhaemoglobin saturations from arterial blood samples may not provide a true reflection of actual oxyhaemoglobin saturation since calculated values do not account for HbCO binding. Although HbCO levels were not measured consistent difference in saturation would have been present between the ear oximeter and arterial blood, irrespective of workload.
Although newer pulse oximeter technology is available, numerous scientific investigations are still being completed using the older oximeter technology7'24' . Given the lack of scientific validation studies for the use of older oximeters in exercising highly trained athletes and the significant differences observed for %HbO2 between non-invasive and invasive methods evidenced in the present study, it would appear that validation of ear oximetry for determining arterial oxygen-haemoglobin saturation in highly trained individuals is strongly warranted. Co-oximeter analysis of arterial blood, which provides a detailed analysis of total haemoglobin and its subfractions (oxyhaemoglobin, methaemoglobin and carboxyhaemoglobin), would be appropriate to ensure the accuracy of reporting the incidence of oxyhaemoglobin desaturation in highly trained athletes during maximal exercise.
This study found that ear oximetry overestimates the incidence of EIH and underestimates the oxyhaemoglobin saturation in highly trained cyclists during exercise in comparison to those measurements made from arterial blood. Although ear oximetry can provide qualitative analysis for arterial blood oxygenation, the validity and accuracy of this technology used with highly trained individuals during maximal exercise remains in question and requires further examination.
